ABSTRACT
INTRODUCTION
Embryo implantation is a crucial event for development of the placenta and is initiated by an appropriate interaction between blastocysts and uterine endometrium. The maternal-fetal interaction stimulates proliferation and differentiation of trophoblasts and endometrial decidualization, which likely are spatially and temporally regulated by autocrine and paracrine systems [1, 2] . Various cytokines and growth factors derived from the maternal endometrium and blastocysts, such as interleukin (IL)-1, IL-6, transforming growth factor ␤ (TGF␤), insulin-like growth factor (IGF), and tumor necrosis factor ␣ (TNF␣), have been associated with embryo development and implantation [3] [4] [5] . Moreover, an earlier study using knockout mice lacking the hepatocyte growth factor (HGF) gene has demonstrated that HGF is involved in placental growth and development [6] .
Degradation and reconstitution of extracellular matrix (ECM) in uterine endometrium is a requisite event for enhancing trophoblast invasion and is regulated by matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs) [2, 7, 8] . Endometrial cells and trophoblasts from human, mouse, and cow have been shown to produce gelatinase A/MMP-2, gelatinase B/MMP-9, and TIMP-1, TIMP-2, and TIMP-3 [9] [10] [11] [12] . In addition, membrane type-1 MMP (MT1-MMP) has been found in the human placenta, and its distribution is similar to that of MMP-2 [13, 14] . Furthermore, the expression of MMPs and TIMPs in maternal endometrium and trophoblasts is regulated by IL-1, IL-6, TNF␣, TGF␤, IGF, and HGF [2, 15] . Therefore, these cytokines and growth factors may play important roles for successful embryo implantation and early placentation by controlling protease activities for ECM degradation.
Trophoblasts in humans and mice are highly invasive and penetrate into endometrial stromal tissues [2] . In contrast, trophoblasts in bovidae such as cows and goats are noninvasive, or the extent of invasion is very limited [16, 17] . Therefore, we speculate that the mechanism of embryo implantation in bovidae may differ from that in rodents and humans. So far, only a few reports have shown that MMP-2 and MMP-9 are expressed in bovine fetal membranes and maternal tissues [12, 18] . However, the regulatory mechanism of MMP and TIMP expression in bovine endometrial cells and trophoblasts remains unclear.
We recently established a bovine blastocyst-derived trophoblastic cell line BT-1 (BT-1 cells), which is characterized by its secretion of interferon-and placental lactogen and its differentiation into binucleate cells in vitro [19, 20] . To clarify the regulation of MMP and TIMP production in bovine endometrium and trophoblasts, we established in the present study the culture system of bovine endometrial stromal cells (BESCs) and then demonstrated, to our knowledge for the first time, that the production of MMPs and TIMPs was differentially regulated by cytokines and growth factors in BESCs and BT-1 cells.
MATERIALS AND METHODS

Preparation of BESCs
The uterus from a pregnant cow was obtained in a local abattoir, and the gestation time, which was estimated by the size of fetus, was approximately 4 mo. The BESCs were isolated from the maternal endometrium in intercaruncular, not caruncular, regions of the uterine tissue to avoid contamination of embryo-derived cells, which would be expected with use of the maternal endometrium in caruncular regions. Briefly, intercaruncular endometrial tissues were dissected and surgically separated from smooth muscle tissues. The endometrial tissues were washed with Dulbecco modified PBS (Invitrogen, Carlsbad, CA) and then incubated with PBS containing 0.1% bacterial collagenase (Wako Pure Chemical Co., Osaka, Japan) at 37ЊC for 1 h. The resultant cell suspension was filtered through a sterile metal mesh (40 mesh/inch) to remove residual tissues and centrifuged at 100 ϫ g for 5 min. The precipitated small cells were plated on culture dishes coated with type-I collagen and cultured to confluence. The cells were incubated with PBS containing 0.02% EDTA at room temperature for 5 min and then incubated with 0.25% trypsin without EDTA for less than 3 min. Thereafter, almost all fibroblastic cells were detached from the culture dishes, whereas epithelial cells remained on the dishes. The BESCs were collected by centrifugation and cultured in Dulbecco modified Eagle medium (DMEM)/F12 (Invitrogen) supplemented with 10% fetal bovine serum (Asahi Techno Glass Co., Tokyo, Japan). We characterized BESCs as vimentin-positive and keratin/cytokeratin-negative cells by immunohistochemical staining with a monoclonal antibody to vimentin (clone V9; Dako Japan, Kyoto, Japan) and a monoclonal antibody to keratin/cytokeratin (Nichirei Co., Tokyo, Japan; data not shown). In these experiments, BESCs were used at the 17th to the 28th passage.
Cell Culture and Treatments
The confluent BESCs and BT-1 cells [19] in 60-or 100-mm culture dishes (Asahi Techno Glass) were washed once with DMEM/F12 supplemented with 0.2% lactalbumin hydrolysate (Sigma Chemical Co., St Louis, MO) and treated with the same medium in the presence or the absence of recombinant human IL-1␣ (1-10 ng/ml; a generous gift from Dainippon Pharmaceutical Co., Osaka, Japan), TNF␣ (1-10 ng/ml), TGF␤ (1-10 ng/ ml), IGF-I (10-40 ng/ml), HGF (10-40 ng/ml; R&D Systems, Inc., Minneapolis, MN), IL-6 (10-40 ng/ml; Chemicon International, Inc., Temecula, CA), or 12-O-tetradecanoylphorbol 13-acetate (TPA; 10 nM; Sigma) for 24 h. The harvested culture medium was stored at Ϫ20ЊC until use.
Gelatin Zymography
The harvested culture medium (10 l) was subjected to SDS-PAGE with 10% acrylamide gel containing gelatin (0.6 mg/ml; Difco Laboratories, Detroit, MI) under nonreducing condition. The gel was washed with a washing buffer (50 mM Tris-HCl [pH 7.5], 0.15 M NaCl, 10 mM CaCl 2 , 1 M ZnCl 2 , and 0.1% Triton X-100) to remove SDS and then incubated at 37ЊC in an incubation buffer (50 mM Tris-HCl [pH 7.5], 0.15 M NaCl, 10 mM CaCl 2 , and 1 M ZnCl 2 ). Thereafter, the gel was stained with Coomassie brilliant blue R-250, and gelatinolytic activity was detected as unstained bands on a blue background.
Western Blot Analysis for TIMPs
The harvested culture medium (1 ml) was subjected to SDS-PAGE with 12.5% acrylamide gel under reducing condition. The proteins separated in the gel were electrotransferred onto a nitrocellulose membrane, and the membrane was reacted with mouse anti-(bovine TIMP-1) or anti-(human TIMP-2) antibody (generous gifts from Dr. K. Iwata, Daiichi Fine Chemical Co., Toyama, Japan), which was then complexed with horseradish peroxidase-conjugated goat anti-(mouse immunoglobulin [Ig] G) IgG (Sigma). Immunoreactive TIMP-1 and TIMP-2 were visualized with enhanced chemiluminescence-Western blotting detection reagents (Amersham Biosciences, Tokyo, Japan) according to the manufacturer's instructions. The relative amounts of those proteins were quantified by densitometric scanning using the Image Analyzer LAS-1000 plus (Fuji Film Co., Tokyo, Japan).
Northern Blot Analysis
Cytoplasmic RNA (20 g) isolated from BESCs and BT-1 cells was electrophoresed on a 1.0% formaldehyde-denatured agarose gel and then transferred onto a nylon membrane. The membrane was hybridized with 32 P-labeled human cDNA probes for proMMP-1, proMMP-3, and MT1-MMP [21] as well as for TIMP-1 and TIMP-2 [22] . The relative amounts of steady-state mRNA were quantified by densitometric scanning using the Image Analyzer LAS-1000 plus (Fuji Film) and calculated after correction for the level of 28S rRNA. The cDNAs of human proMMP-1, proMMP-3, and TIMP-1 were amplified by reverse transcriptase-polymerase chain reaction (RT-PCR) using cytoplasmic RNA derived from IL-1␣-treated human uterine cervical fibroblasts [23] and then ligated into pGEM-T Easy vectors (Promega, Madison, WI) followed by confirmation of their cDNA sequences with Thermo Sequenase II dye terminator cycle sequencing kit (Amersham Biosciences) according to the manufacturer's instructions. The primers synthesized and utilized for the amplification were as follows: for human proMMP-1, 5Ј-GGTGATGAAGCA-GCCCAG-3Ј (sense: 323-340 base pairs [bp] ) and 5Ј-CAGTAGA-ATGGGAGAGTC-3Ј (antisense: 742-759 bp; DDBJ/EMBL/GenBank database: X54925); for human proMMP-3, 5Ј-GTGGAAATGAAGAG-TCTT-3Ј (sense: 38-55 bp) and 5Ј-AGTCACCTCTTCCCAGAC-3Ј (antisense: 461-478 bp; DDBJ/EMBL/GenBank database: X05232); and for human TIMP-1: 5Ј-GAATTCCATGGCCCCCTTT-3Ј (sense: 62-74 bp) and 5Ј-GGATCCGGGCAGGATTCAG-3Ј (antisense: 683-695 bp; DDBJ/ EMBL/GenBank database: X03124).
Semiquantification of TIMP-1 and TIMP-2 mRNA Levels by RT-PCR
The expression of TIMP-1 and TIMP-2 mRNA in BT-1 cells was monitored by RT-PCR. Briefly, isolated RNA (2 g) was subjected to firststrand cDNA synthesis, and then one-tenth of the generated cDNA was used for PCR amplification. The TIMP-1 primers were the same as described above. The PCR primers for human TIMP-2 were 5Ј-GGTACCAGATGG-GCTGCGAG-3Ј (sense: 710-729 bp) and 5Ј-TTGGAGGCCTGCTTA-3Ј (antisense: 925-945 bp; DDBJ/EMBL/GenBank database: J05593) and, along with human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) [24] , were synthesized and utilized for the amplification of bovine TIMP-2 and GAPDH, respectively. The amplification was performed at 92ЊC for 40 sec, 56ЊC for 40 sec, and 72ЊC for 60 sec after initial denaturation at 95ЊC for 2 min, and the PCR for TIMP-1, TIMP-2, and GAPDH was performed with 30, 35, and 30 cycles, respectively. We confirmed that the PCR products were linearly produced between 28 and 32 cycles for TIMP-1 and GAPDH and between 30 and 35 cycles for TIMP-2. The amplified PCR products of TIMP-1 (646 bp), TIMP-2 (278 bp), and GAPDH (456 bp) were analyzed with 1% agarose gel and visualized by ethidium bromide staining. We also confirmed the cDNA sequences of the amplified PCR products after cloning them into pGEM-T vectors as described above.
Statistical Analysis
A one-way ANOVA was used for statistical analysis. The Dunnett test was applied when multiple comparisons were performed.
RESULTS
Regulation of proMMP-2 and proMMP-9 Production by Cytokines and Growth Factors in BESCs
We first examined the regulation by cytokines and growth factors of proMMP-2 and proMMP-9 production, which refers to the level of protein expression, in BESCs. As shown in Figure 1A and Table 1 , TPA, which is well known as a FIG. 1. Expression of proMMP-2, proMMP-9, and MT1-MMP in bovine endometrial stromal cells. A and B) Confluent BESCs at the 17th passage in 60-mm culture dishes were treated with IL-1␣ (10 ng/ml), TNF␣ (10 ng/ml), TGF␤ (10 ng/ml), IL-6 (20 ng/ml), IGF-I (20 ng/ml), HGF (20 ng/ ml), and TPA (10 nM) for 24 h or were left untreated, and then the harvested culture media were subjected to gelatin zymography as described in Materials and Methods. C and D) Confluent BESCs at the 17th passage in 100-mm culture dishes were treated as described above, and then cytoplasmic RNA (20 g) isolated from the cells was subjected to Northern blot analysis as described in Materials and Methods. Three independent experiments were highly reproducible, and typical data are shown. The relative amounts of proMMP-2 and proMMP-9 in gelatin zymography were quantified by densitometric scanning and numerically expressed, taking the untreated cells (None; for proMMP-2) and TPA-treated cells (for proMMP-9) as 1.00. ND, Protein or mRNA was not detectable. b The relative amounts of MT1-MMP mRNA in Northern blot analysis were quantified and numerically expressed similar to proMMP-2 and proMMP-9, taking the untreated cells (None) as 1.00 after normalizing against that of rRNA. potent inducer of MMPs and TIMPs [8, 21] , caused a significant increase of 95-kDa gelatinase, corresponding to proMMP-9, in BESCs, whereas the production of proMMP-9 was not detected in the untreated cells. The treatment of BESCs with TGF␤ (10 ng/ml) resulted in a significant increase in the level of proMMP-9, and the augmentation was observed in a dose-dependent manner (1-10 ng/ml; data not shown). Furthermore, BESCs constitutively secreted 72-kDa gelatinase, corresponding to proMMP-2, and its production was not influenced by either the cytokines or the growth factors tested (Fig. 1B and Table 1 ).
We further investigated the effect of cytokines and growth factors on the mRNA expression of MT1-MMP, MMP-1, and MMP-3 in BESCs. As shown in Figure 1C and Table 1 , BESCs were found to constitutively express MT1-MMP mRNA, and its level was augmented by TNF␣ (10 ng/ml; 1.5-fold), IL-6 (20 ng/ml; 1.5-fold), HGF (1.5-fold), and TPA (1.9-fold). In addition, TPA augmented both mRNA expression of proMMP-1/interstitial procollagenase-1 and proMMP-3/prostromelysin-1 in BESCs, but their mRNA expression was not detected in BESCs treated with either the cytokines or the growth factors (data not shown).
Regulation of TIMP-1 and TIMP-2 Production by Cytokines and Growth Factors in BESCs
As shown in Figure 2 , A and B, BESCs constitutively produced TIMP-1 and TIMP-2. The treatment of BESCs with TGF␤ (10 ng/ml), IGF-I (20 ng/ml), and HGF (20 ng/ ml) resulted in a significant increase in the level of TIMP-1 in the culture medium (1.7-, 1.6-, and 1.6-fold, respectively) ( Table 2 ). The level of TIMP-2 in the medium was also augmented by IL-1␣ (10 ng/ml; 2.1-fold) and HGF (20 ng/ml; 2.6-fold) ( Table 2 ). The TPA (10 nM) augmented the production of TIMP-1 (1.5-fold) but, in contrast, suppressed that of TIMP-2 (84% inhibition) in BESCs ( Table  2) . On the other hand, expression of TIMP-1 and TIMP-2 Figure 1 , and then the harvested culture media and the isolated RNA (2 g) were subjected to Western blot analysis (A and B) and semiquantitative RT-PCR (C-E), respectively, as described in Materials and Methods. Three independent experiments were highly reproducible, and typical data are shown. mRNA appeared not to be changed by either the cytokines or the growth factors, whereas TPA augmented the expression of TIMP-1 mRNA (1.7-fold) and suppressed that of TIMP-2 mRNA (61% inhibition) as well as their protein levels (Fig. 2 , C and D, and Table 2 ). These results indicate that the mRNA levels of TIMP-1 and TIMP-2 were not correlated with their protein levels in BESCs treated with cytokines and growth factors.
Regulation of MMP and TIMP Production in BT-1 Cells
We next examined the effect of cytokines, growth factors, and TPA on the production of MMPs and TIMPs in bovine trophoblast BT-1 cells. As shown in Figure 3A , BT-1 cells constitutively secreted 95-and 72-kDa gelatinases, both of which were of the same molecular weight as proMMP-9 and proMMP-2, respectively, from BESCs. The treatment of BT-1 cells with TNF␣, HGF, and TPA resulted in a significant increase in the level of proMMP-9 in the culture medium (2.3-, 2.4-, and 13.7-fold, respectively) (Table 1). However, the production of proMMP-2 was not influenced by any stimulus tested (Fig. 3B and Table 1 ).
The BT-1 cells constitutively produced TIMP-1, and its protein level was augmented by IL-1␣ (1.7-fold), TNF␣ (1.9-fold), and HGF (1.8-fold) ( Table 2 ) without alteration of its mRNA level (Fig. 4C and Table 2 ). In addition, TPA (10 nM) increased both protein and mRNA levels of TIMP-1 in BT-1 cells (2.5-and 3.3-fold, respectively) ( Fig. 4C and Table 2 ). On the other hand, the constitutive expression of TIMP-2 mRNA was observed in BT-1 cells, but the mRNA level was not changed by any stimulus tested ( Fig.  4D and Table 2 ). In addition, as shown in Figure 4B , TIMP-2 protein was not detected by treating the cells with selected cytokines and growth factors. Furthermore, neither the protein nor the mRNA of proMMP-1, proMMP-3, and MT1-MMP was detected in BT-1 cells under these treatments (data not shown).
DISCUSSION
In bovine uterus, embryo implantation has been observed in endometrial areas associated with the caruncular structure, although caruncular regions cannot be identified in the endometrium of nonpregnant cows [25] . In addition, if BESCs are prepared from caruncular regions of the endometrium in pregnant cows, embryo-derived cells may contaminate the maternal stromal cells. Based on these structural problems, we established in the present study a culture of BESCs from the maternal endometrium in intercaruncular regions of the uterine tissue of pregnant cows. Furthermore, we assumed that BESCs in both caruncular and intercaruncular regions could be similarly affected by autocrine and paracrine factors during implantation and placentation [2, 4, 5] . Therefore, we suggest that this culture system using BESCs from intercaruncular regions may be useful in examining in vivo cellular functions of the bovine endometrium during implantation.
Degradation and reconstitution of ECM in maternal uterine endometrium is a crucial event for embryonic implantation and placentation [1, 2] . Various cytokines and growth factors are temporally expressed in maternal endometrium and cytotrophoblasts and are associated with the control of MMP-mediated ECM remodeling in humans and rodents [1] [2] [3] [4] [5] [6] [7] . So far, the expression of MMPs and TIMPs in bovine endometrium and trophoblasts has been reported in only a few papers, which indicate that proMMP-2 and proMMP-9 are produced in bovine fetal membrane and maternal tissues [12, 18] . In the present study, we demonstrated that both proMMP-2 and proMMP-9 were constitutively secreted from BT-1 cells, whereas only proMMP-2 was likewise secreted from BESCs. In addition, although proMMP-2 production was not influenced by the cytokines and growth factors tested, the production of proMMP-9 was augmented by TGF␤ in BESCs and by TNF␣ and HGF in BT-1 cells. Moreover, in human uterine fibroblasts [26] [27] [28] and cytotrophoblastic cells [29, 30] , the production and activation of proMMP-9 is augmented by IL-1, TNF␣, and IL-6. However, TGF␤ shows no effect on the expression of proMMP-9 in human endometrial stromal cells [28] , whereas it increases that of trophoblastic proMMP-9 [31] . These results suggest that the production of proMMP-9 in bovine maternal endometrium and trophoblasts is differently regulated by cytokines and growth factors during implantation and placental formation. Furthermore, it seems likely that the regulation by cytokines of MMP-9 production is different in humans and cows.
The MT1-MMP has been expressed in cytotrophoblasts in early human placenta [13, 14] and mouse blastocysts [32] . Uekita et al. [33] also reported that MT1-MMP mRNA was detected in both trophoblasts and epithelial cells of endometrium from caprine placenta. In the present study, we demonstrated, to our knowledge for the first time, that MT1-MMP mRNA was expressed in BESCs and that its mRNA expression was augmented by TNF␣, HGF, and TPA, as in human glioma cells [34] , human fibrosarcoma HT-1080 cells [35] , and human dermal fibroblasts [36] . In addition, the expression of MT1-MMP mRNA in BESCs was found to be augmented by IL-6, which is expressed in human endometrium, cytotrophoblastic cells, and syncytiotrophoblasts and may be involved in embryonic implantation and endometrial decidualization [37, 38] . Furthermore, IL-6 has been reported to enhance tumor invasion in ovarian cancer [39] and head and neck cancers [40] , in which ECM degradation probably progresses because of an increase in MT1-MMP expression. Thus, these results suggest that MT1-MMP in bovine endometrium may be involved in ECM degradation during trophoblastic invasion and placental formation and that IL-6 may closely participate in bovine implantation.
The expression of MMP-1 and MMP-3 is transcriptionally induced by IL-1 and TNF␣ in human fibroblasts from endometrium and cervix [23, 26, 27] . In BESCs, although only TPA induced the expression of proMMP-1 and proMMP-3 mRNA, neither the cytokines nor the growth factors tested induced their mRNA expression (data not shown). In this regard, we speculate that the expression of MMP-1 and MMP-3 in BESCs may be less sensitive to these factors or may require additive stimuli.
We demonstrated that in BESCs, the production of TIMP-1 was augmented by TGF␤, IGF-I, and HGF, whereas that of TIMP-2 was increased by IL-1␣ and HGF. In BT-1 cells, the production of TIMP-1 was also augmented by IL-1␣, TNF␣, and HGF, whereas the level of TIMP-2 in the culture medium was not detected. Huang et al. [28] reported that TGF␤ augments TIMP expression but that IL-1␤ suppresses the expression of TIMP-1 and TIMP-3 mRNA in human endometrial stromal cells. In addition, a recent report by Hui et al. [41] has shown no effect of IGF-I on the expression of TIMP-1 mRNA in bovine chondrocytes. Furthermore, we found that the regulation of TIMP-1 and TIMP-2 mRNA expression by these factors did not correlate with the protein levels in both BESCs and BT-1 cells. Therefore, these results suggest that distinct and unique mechanisms may exist in the regulation of TIMP expression at the bovine fetal-maternal interface. Moreover, taken together with our previous work concerning translational regulation of TIMP-1 production [42] , the regulation of TIMP production by cytokines and growth factors in bovine endometrium and trophoblasts is likely to occur at the level of translation.
The MMPs have been extracellularly or intracellularly converted to low-molecular-weight species by proteolytic deletion of the N-terminal propeptide to obtain enzymic activity [8] . In addition, ECM degradation by MMP activity is counterbalanced by the TIMPs that form a 1:1 stoichiometric complex with MMPs [43] , suggesting that a balance in the ratio of MMPs:TIMPs may be important in regulating ECM remodeling of the endometrium during implantation. In the present study, we demonstrated the differential regulation of MMP and TIMP production in BESCs and BT-1 cells, but it remains unclear whether the level of MMPs overcomes that of TIMPs. Therefore, further experiments will be required to quantify the molar ratio of MMPs to TIMPs and to detect the apparent enzymic activity of MMPs.
In conclusion, we demonstrated that different sets of MMPs and TIMPs were produced in bovine endometrial stromal cells and trophoblasts and that these productions were differentially regulated by endometrial and trophoblastic cytokines and growth factors. Thus, these results suggest that, as in the case of humans and rodents, MMPs and TIMPs may contribute to the control of degradation and reconstitution of ECM in bovine endometrium during embryonic implantation and early placentation.
